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bstract

This report describes a non-intrusive optical technique for determination of
liquid mass flux in a droplet laden airstrcam. The technique was developed
for quantitative determination of engine water ingestion resulting from heavy

of the droplet laden airstream and of the droplet velocities were made at the
simulated nacelle inlet plane for the liquid mass flux determination. The
liquid water content was measured by illuminating and photographing the
droplets contained within a thin slice of the flow field by means of a sheet
of light from a pulsed laser. A fluorescent dye introduced in the water
enhanced the droplet image definition. The droplet velocities were determined
from double exposed photographs of the moving droplet field. The technique
was initially applied to a steady sprayv generated in a wind tunnel, It was
found that although the spray was initially steady, the aerodynamic breakup
process was inhereutly unsteady. This resulted in a wide variation of the
instantaneous liquid water content of the droplet laden airstream. The
standard deviation of ten separate LWC measurements was 31 percent of the
average. However, the liquid mass flux calculated from the average LWC and
droplet velocities came within 10 percent of the known water ingestion rate.
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NOMENCIATURE

Ag Frontal area of nacelle. (m
D Droplet Diameter (mm)

LWC Liquid Water Content (gm/m3)
g, Mass flow rate of water (gm/sec)

n Number of drops counted

qy Total liquid volume in the measurement volume (cm3)
O Volumetric water ingestion rate (cm3/sec)

Airspeed (m/sec)

w  water jet speed at the spray nozzle (m/sec)

V4 Average water drop speed (m/sec)

X distance downstream from the spray nozzle (m)

Greek Letters
Py Water density (gm/cm3); 1.0 gm/cm3

) Thickness of the Light Sheet (mm)

Subscripts
a Average spray property

i Identify jth drop, where § = 1 to n
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EXECUTIVE SUMMARY

Water droplet ingestion into turbine engines resulting from heavy rain and

wheel spray generated on a wet runway is of importance. Adverse effects of
large quantities of water ingestion can include the compressor stall and
combustor flame-out. Engine certification requirements as set forth in FAA

regulations call for continued engine operation at takeoff and flight idle
conditions while ingesting water at 4 percent by weight of airflow, generated
bv a spray to simulate rain. There is also a certification requirement on the
entire aircraft system which dictates that the system must be designed to
prevent hazardous quantities of water from being ingested into the engine
during takeoff, landing and taxiing operations on wet runways. The present
work was undertaken to develop measurement techniques of two-phase droplet
laden airstreams during engine water ingestion. The ultimate ohjective is to
correlate the non-intrusive measurements of the water ingestion rate and
droplet size and spatial distribution at the engine inlet with engine
performance parameters. Such techniques and data will assist the FAA in
evaluating current water ingestion certification tests.

A ron-intrusive optical technique was developed for the determination of liquid
wass flux in a droplet laden airstream. The technique is also capable of
providing information on the droplet size and spatial distribution at the
nacelle inlet plane.

Independent measurements of the liquid water content (IWC) of the droplet laden
airstream and of the droplet velocities were made at the inlet plane of a
simulated nacelle in a wind tunnel for the liquid mass flux determination. The
liquid water content was determined by illuminating and photographing the
droplets contained within a thin slice of the flow-field by means of a sheet of

light from a pulsed laser. Fluorescent dye introduced in the water enhanced
the droplet image definition. The droplet velocities were determined from
double exposed photographs of the moving droplet field. The technique was
initially applied to a steady spray generated in a wind tunnel. It was found
that although the spray was initially steady, the aerodynamic breakup process
was inherently unsteady. This resulted in a wide variation of the instantane-
ous liquid water content of the droplet laden airstream. The standard

deviation of ten separate LWC measurements was 31 percent of the average.
However, the 1liquid mass flux calculated from the average LWC and droplet
velocities came within 10 percent of the xnown water ingestion rate.

-viii-
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INTRODUCTION

The effects of water droplet ingestion into turbine engines resulting from
heavy rain and wheel spray generated on a wet runway is of importance. The
effects of water iIngestion on engine performance have recently been
investigated (reference 1) and a probe for stagnation pressure measurement in a

droplet laden airflow was developed (reference 2). The adverse effects of
large quantities of water ingestion can include the compressor stall and
combustor flame-out (reference 1). Engine certification requirement as set

forth in FAA regulations (reference 3) call for continued engine operation at
takeoff and flight idle conditions while ingesting water at &4 percent by weight
of airflow, generated by a spray to simulate rain. There is also a
certification requirement on the entire aircraft system which dictates that the
system must be designed to prevent hazardous quantities of water from being
ingested into the engine during takeoff, landing, and taxiing operations,
(reference 4).

The criteria for both water ingestion certification tests are somewhat

arbitrary. The 4 percent by weight water ingestion test for engine
certification does not address such issues as droplet size and their spatial
distribution over the frontal area of the nacelle. For performance on a wet

runway, the criterion is even more arbitrary in that it does not specify what
constitutes a hazardous quantity of water ingestion.

The present work was undertaken to develop measurement techniques in two-phase
droplet laden airstreams to better quantify the engine water ingestion. The
ultimate objective 1is to correlate non-intrusive measurements of the water
ingestion rate and droplet size and spatial distribution at the engine inlet
with engine performance parameters. Such techniques and data will assist the
FAA in evaluating current water ingestion certification tests.

REVIEW OF APPLICABLE MEASUREMENT TECHNIQUES

A review of available measurement techniques for sprays was undertaken to
determine the applicability of the existing techniques to quantitative
determination of water ingestion into an engine. The quantities that need to
be determined are:

a) Drop size distribution together with spatial distribution of drops at
the nacelle inlet.

b) The mass flow rate of water crossing the nacelle inlet plane at any
instant.

Extensive work on measurements of wheel sprays generated by aircraft
under-carriages was carried out by Barrett (reference 5). A spray intensity
probe was developed to measure mean local dynamic pressure generated by moving
droplets. However, all of Barrett’'s measurements were in the near field of the
wheel generating the spray and the technique used only provided time averaged
local measu  ments in the spray.

Several mechanical, electrical, and optical methods are available for droplet
size determination iIn fuel sprays as surveyed in review articles by Jones
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:}ﬁ (reference 6) and, McCreath and Beer (reference 7). None of the techniques
,\i{ surveyed would be capable, in their existing form, of satisf;ing the second
A requirement above. It was considered possible that the requirement could be
( met by some modification of the existing techniques.
>
{7‘ The first trial approach was an extension of the charged wire probe technique
ljf described by Gardiner (reference 8) for drop size determination in water
- ' sprays. In that technique, the electrical pulse generated in a circuit
;%;‘ containing a charged electrode when a drop impacts the electrode is measured by
“) a pulse height analyzer. The probe is initially calibrated using known size
'~ drops impacting the electrode. A relationship is established between the pulse
‘}?;: height and the drop size. In practice, the drop size characteristics are
. derived from the pulse height statistics stored in a pulse height analyzer.
7:2 The technique as described by Gardiner (reference 8) thus provides the local
; ;« drop size distribution in a spray. In the present work, a modification of the
: technique was considered. Instead of a single electrode probe, a charged grid
3~_. was considered. A copper wire mesh with wire spacing of approximately 1 mm was
SR charged to 2000 volts by a high voltage DC power supply. The idea was to
e install the screen at the nacelle inlet plane so that all drops larger than the
- mesh size would be intercepted by the screen. The charge transfer between the
> screen and the impacting drops would set up a current in the circuit supplying
'. H the grid. The current would be proportional te the total surface area of the
P ﬁ drops impacting per unit time. Then 1if the size distribution were to be
e determined by an independent optical technique, the volume flow rate of water
fixi would be proportional to the product of the Sauter Mean Diameter (SMD) of the
i:i spray and the current supplied to the grid.
f-' In practice, however, several difficulties were encountered with this
- technique.
'j" D The charge distribution on the screen was non-uniform, resulting in
S different pulse characteristics for different impact locations on the
-5'~ screen for the same size drop.
—~ 2) Wetting of the screen altered the initial charge distribution.
ﬂ}? 3 Water film on the support set up a conduction path from the screen to
DO the ground, causing a leakage current.
F L Because of these difficulties and the fact that an optical technique was still
4 needed in conjurction with the charged screen for water flow determination,
{:i; this approach was abandoned in favor of a purely optical non-intrusive
: - technique.
.r;.:
't ]
.- PRESENT TECHNIQUE

A non-intrusive optical technique was developed for the determination of drop
sizes, spatial distribution of drops at the nacelle inlet plane and
instantaneous mass flow rate of liquid water entering the nacelle. The liquid
water mass flow rate is determined by independent measurements of the liquid
water content of the droplet laden airstream and the droplet velocity at the
nacelle inlet plaue.
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For liquid water content (LWC) determination, a thin cross-section of the flow
close to the nacelle inlet plane is illuminated by a pulsed laser light shcet.
The drops contained within this light sheet are photographed by a camera placed

with its axis nearly normal to the plane of the light sheet (figure 1). The
duration of illumination of drops by the laser pulse is extremely short, about
10 nano second. Therefore, rthe motion of the drops is frozen in the

photographs. The thickness of the laser sheet is controlled by a beam expander
and a slit. The slit was of 9 mm width while the initial beam width was 14 mm.
The s1lit thus allowed only the intense central portion of the expanded beam to
pass through, cutting off the less intense outer portions.

The depth of field of the camera is set to be larger than the light cheet
thickness by proper selection of aperture and magnification. This assures that
a1l illuminated drops (contained within the light sheet) appear 1in the
photographs with a sharp edge definition. The measurement volume is defined by
the product of <he projected frontal area of the nacelle and the light sheet
thickness. Information on drop sizes and spatial distribution is also obtained
trom this photograph.

~hen drops are photographed using the optical set up as shown in figure 1, with
proper focusing and depth of field selection, the droplet edge definitions in
the vresulting photographic images are still far from ideal as shown in
figure 2. This is caused by two effects:

1) The illumination of individual drops is not uniform, resulting in
poor image definition of larger drops.

2 Scattering and diffraction around smaller drops causes a "halo"
effect around the drop boundary, causing the image to appear much
larger than the actual size.

An improved version of this technique utilizes laser induced fluorescence of a
small quantity (less than 10 ppm) of dye (Rhodamine 6G or Fluorescene)
introduced in the water. The fluorescence spectrum of the dye lies in a
wavelength range longer than that of the incident 1light, therefore, the
incident light scattered from the drops can be filtered out and only the
fluoresced light 1is photographed. Shott colored glass filters are ideally
suited for this purpose. This technique results in much better edge definition
of droplets in the photographic images and a nearly uniform illumination of
droplet interior (see figure 3).

An automated digital image processing system was developed to analyze the

photographic images. The 1image processing algorithm detected drop edges,
defined droplet boundaries, calculated the area of the drop images and an
equivalent drop diameter based on this area. Droplet size distributions were

constructed once statistics on a sufficient number of drops were available.
The liquid water content was determined from the total volume of drops
contained within the projected area of the nacelle, together with the knowledge
of the incident light sheet thickness. A description of the image processing
system is presented later in this report.

For the determination of instantaneous mass tlow rate of airborne liquid water,
a measurement of drop velocities is needed in addition to the LWC measurement.
This may be accomplished non-intrusively by laser double pulse photography of
the moving droplet field. Two images of each drop appear in the photograph
(see figure 4) and the drop velocity may be determined by the measurement of
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Droplet Photograph Without Fluorescent Dye in the Water
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Double Pulse Photograph of Droplets in a Moving Air Stream
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the distance translated in a known time interval. Solid-state lasers such as
Ruby or Neodymium: yttrium aluminum garnet (Nd:YAG) lasers may be operated in
the double pulse mode, wherein the Q-switch is opened twice in rapid succession
to split the energy of the flash tube between two intense pulses. The time
interval between the two pulses may be adjusted in the range of 50 to 200 us.

The product of the LWC evaluated over the nacelle frontal area, the drop

velocity and the nacelle frontal area is the instantaneous mass flow rate of
airborne liquid water into the nacelle.

N
A WATER INGESTION SIMULATION FACILITY
.

In the first phase of the program, an experimental facility was developed to
simulate engine water ingestion and to calibrate the non-intrusive optical

' technique for the quantitative measurements of engine water ingestion. A
N description of the facility follows.

,;; The engine water ingestion simulation was set up in an open circuit wind tunnel
.ﬁf of 18-inch x 18-inch test section. A schematic diagram of this facility is
pa

shown in figure 5. Air was supplied to the test section by a high capacity
blower via a settling chamber, screens and a nozzle contraction. The blower

APy output was adjusted by a damper vane ring at the inlet. A water spray nozzle
I8 was mounted on a streamlined sting support at the entrance to the test section.
w: The nozzle consisted of seven 2 cm long tubes of 1.6 mm inside diameter. The
I water was supplied to the nozzle from a pressurized tank via a flowmeter and a

ball valve. The individual tubes of the spray nozzle were adjusted such that
[ most of the spray water entered the simulated nacelle with the tunnel running.
::y The droplet-air mixture entering the simulated nacelle passed through a
oy separator box which contained a series of baffle plates. The baffle plates
0 subjected the flow to a series of sharp turns, thereby separating the droplets
n from the airstream and collecting them in & water film on the plate surfaces.

Most of the water entering the nacelle in the form of droplets was collected at
the bottom of the separator box. The air was evacuated from the separator box

(A

K- by means of the suction provided by the inlet of a secondary blower. The air
}¢: from the exit side of the secondary blower was dumped back into the tunnel,
Q? downstream of the nacelle location. Calibration checks were made to determine
af: the carry over loss of water in the form of fine drops. For the spray flow
.ﬁ rate employed (300 cc/sec), the carry over loss was about 5 percent, with 95
s percent of the water sprayed into the nacelle being collected at the bottom of
N the separator. With a steady spray, the total mass of water collected, divided
fi by the time of collection was close to the time averaged mass flow rate of .
5;- water entering the nacelle in the droplet-air mixture.

[\

'\ The optical set up is shown in figure 1. The laser sheet of 9 mm thickness was .
f‘ produced in front of the nacelle inlet plane approximately 2 mm from the inlet
:q plane to avoid illuminating the water film on the rounded nacelle entrance.
f: The illuminated droplet field was viewed through the side of the tunnel. The
'jy camera axis formed an angle of approximately 20 degrees with the nacelle axis.
o In viewing the droplet field through the plexiglas wall of the tunnel at such &
L shallow angle, multiple reflections of illuminated drops were encountered
& within the plexiglas wall. To alleviate this problem, a window extension was
-}i mounted on the tunnel side wall at a 20 degree angle, such that the camera line
'{: of sight was normal to the window at the end of the extension.
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The objective of the experiments was to compare the instantaneous water flow
rate into the nacelle as determined by the present non-intrusive optical
technique with the known time averaged water flow rate. Ten photographs were
taken for a fixed spray rate and airspeed to yield a set of ten successive LWC
measurements in a steady spray. The variation in the drop velocities within a
given double exposed photograph or between two photographs at fixed tunnel
speed and water injection pressure was found to be less than 5 percent.
Therefore, a single drop velocity was wused for water mass flow rate
determination. A sample photograph of droplet field is shown in figure 6. The
nacelle boundary was photographed separately and superimposed onto the droplet
photograph in figure 6. Notice that the drops within the light sheet are
uniformly illuminated and appear with sharp boundaries. Unfortunately, due to
light scattered from drops contained in the light sheet and that from the beam
dunfp and the transmitting side plexiglas window, some of the drops outside the
laser sheet appear with faint images. During image processing of the photo-
graphic negatives, these faint drops, which are present outside the light sheet
may easily be eliminated by setting proper threshold criteria.

IMAGE PROCESSING SYSTEM DESCRIPTION

Processing system architecture is depicted in figure 7. Image acquisition,
display and processing was accomplished using a De-Anza 1ID-5400 image
processing system. The hardware package incorporates a vidicon and power

supply for analog image formation, three image refresh random access memory
channels, RAM, digital video array processor, and color video display. The
analogue signal from the video camera can be digitized by an A/D converter and
fed directly to the array processor which in turn controls the data flow and
writes the data into one of the memory planes at a rate of 30 frames/sec. The
digitization process converts each picture 1into 512%512 mpatrix element
(pixels). Each pixel is one byte number (256 resolution level) representing
the average optical density in an elementary cell, the size of which dictates
the spatial resolution of the system. While digitization can proceed at video
rates of 30 frames per second, a program is used which creates one digital
frame from the average of 64 consecutive digitized frames. Thus, the image
formed has a low level of random noise caused by the vidicon and the digitizer
electronics. The digitized image information is then stored on a mass-storage
device for further off-line processing.

Software residing in the host computer (PDP 11/34) operates through a direct
memory access (DMA), interface through which the PDP-11 sends and receives
information from the video processor registers or from the RAM channels via a
driver program. The vidicon 1image digitization, averaging and storage
capability is part of this (DMA) interface software.

To study a droplet picture, the negative is taped on to a transparency
containing a 1 ecm x 1 ecm grid formed by fine lines. The grid lines are
carefully oriented with respect to the droplet images on the negative such that
none of the drop images is intersected by the grid lines. The negative,
together with the grid lines, is then mounted on a flat light-table. The
vidicon is focused on the plane of the background illuminated negative by means
of a macro lens. The magnification on to the vidicon is adjusted such that a
1 cm? area of the negative enclosed by the superposed grid lines nearly fills a
video frame containing the 512 x 512 pixel array. After accounting for the
photographic magnification of the image on the negative and a specification of
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Figure 6. Typical Photograph of the Droplet Field at the Nacelle inlet
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0
N
o
f% 4 pixels for the minimum size drop accepted, an overall resolution of 0.1 mm
P was estimated for the diameter of the smallest drop measured.
! The negative was scanned, one grid square at a time over the projected frontal
- area of the nacelle. The calculated drop volumes were then added up for all
Y the squares to evaluate the liquid water content over the projected frontal
. area of the nacelle. This procedure ensured that every drop is accounted for
- and is counted only once. An example of a digital subimage representing one
f grid square 1is shown in figure 8. An enhanced image with defined droplet
\ . boundaries is shown in figure 9.
-8
;ﬁ Image processing software was developed to detect drop edges, define droplet
A boundaries, and calculate the area of drop images. The excellent contrast
:% between the images of drops within the light sheet and the background allowed a
b simple thresholding criterion to define regions containing drop images.
The various image processing programs along with computer program needed for
W droplet statistics determination are attached wunder Appendices A and B,
respectively.
f
e
i RESULTS AND DISCUSSION
Results are presented here for fixed values of spray flow rate and airspeed in
the wheel spray simulation tunnel. The flow rate through the spray nozzle was
maintained constant at 0.3 liters/sec, which resulted in a water jet velocity
of 22 m/s based on the total flow area of the seven tubes in the spray nozzle.
) As discussed later, this flow rate was chosen to simulate extreme cases of
,;; engine water ingestion resulting from wheel spray. The airspeed was maintained
N at 61 m/s. The large difference between the speeds of the air and the water
I jets caused an aerodynamic breakup of the water jets into small drops, which
N accelerated along the flow direction to approach the airspeed. The measurement
' station was located 3 m downstream of the spray nozzle and immediately upstream
" of the simulated nacelle inlet,
")
B~ The droplet velocities were determined from a double exposed photograph of the
:; moving droplet field as shown in figure 4. A 100 us time interval between the
ﬁ two pulses was employed. The droplet velocities were found to be within 5
. percent for a large number of droplet pairs. Furthermore, within this small
.- variation of droplet velocities, no correlation was found between the drop
N velocity and size. A single average value of velocity was assigned to all
:T droplets. This average value was found to be only 41 m/s, i.e., 67 percent of
B the airspeed. Thus, the 3 m distance between the spray nozzle and the
& measurement station was insufficient to accelerate the drops to the tunnel
=2 alrspeed.
o
s A series of ten photographs was taken during the period January-February 1986
> for the liquid water content determination. The width of the light sheet was
ﬂj maintained at 9 mm. The photographic negatives were analyzed by the image
o processing technique discussed in this report. The volume of a drop was
3 calculated as the volume of a spherical drop having the same equivalent
e diameter. The equivalent diameter was calculated from the image area of each
6 drop. For a non-spherical drop this procedure leads to a higher value of the
\% calculated drop volume. The percentage error introduced therefore depends upon
X the how different the drop is as compared to the spherical shape.
1
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Figure 8. Digital Subimage Representing One Grid Square
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Figure 9. Enhanced Version of Digital Subimage Shown in Figure 8
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:: The results of the image processing analysis are shown in table I. The raw
’:}; droplet data has been shown under Appendix C. For each of the ten droplet
X pictures analyzed, the total number of drops counted over the nacelle frontal
a area, the mean droplet diameter, the volume weighted mean diameter and the
MA total liquid volume are presented. The standard deviation of the mean and
'“j\ volume weighted mean droplet diameters as calculated from the ten pictures was
o in the range of 7 to 8 percent of the average. This indicated that the
s picture-to-picture variation of the calculated mean diameter was ..latively
NN small. The picture-to-picture variation of the total liquid volume was larger:
Y the standard deviation of the ten measurements was 31 percent of the average.

. The average value of the total liquid volume from the ten pictures was used to
‘¢3 calculate the average liquid water content, i.e.,

.

e

oL
;5} (LWC), = Pwlw - 450 gm/m3; where Pw = 1.0 gm/cm3

Ag.é

by
s The average mass flow rate of water was then calculated as
15 :

:4- My - (LWC)a . Ag . Vg

A~

Oyl = 332.5 gm/sec

:{j The average mass flow rate of water in the moving droplet-air mixture as
g measured by the present non-intrusive optical technique thus indicates a flow
S rate approximately 10 percent higher than the actual value of 0.3 1/s. Reasons
i:f for this discrepancy between the measured and the actual mass flow rates are

discuissed below. It should be noted however, that there is a significant

- o picture-to-picture variation iIn the instantaneous water mass flow rate
‘i{{ determinations caused by measured variations in the instantaneous LWC values.

$» The test droplet spray was quite dense in comparison with the certification
;ﬁﬂi requirement of 4 percent by weight of liquid water in the airstream. The
o

>

present 0.3 1/s water ingestion rate in a 61 m/s airstream over the frontal
area of the 15.24 cm diameter nacelle translates to a water flow rate/airflow
rate ratio of 22.5 percent. Such a high water spray rate was used to simulate

Cg

et
2 extreme cases of engine water ingestion resulting from wheel spray.
JN)'
‘-{
e There are three factors that affect the accuracy of LWC measurement by the
;.g: present technique:
"
’». 1) Droplets largely outside the light sheet but at the boundary are
e |% gely g y
b partially grazed by the light sheet and show up on photographs, thus
o increasing the LWC measured.
_‘n:_--
e 2) The procedure for calculation of drop volume from its non-spherical
e P P
1 innages on the photograph relies on an equivalent diameter which is
\ calculated from the enclosed area of the image. This procedure tends
o 2 P
%] to over-predict the volume of the non-spherical drop and hence leads
;:: to a higher value of measured LWC.
o
'*:ﬂ 3) The illuminated drops contained in the light sheet are viewed by the
b camera through a dense spray. Therefore, there is a possibility of
I o~ some illuminated drops be.ng masked by droplets present in the view
:}ﬁ path of the camera. This masking will result in a lower value of the
e measured LWC.
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1oV
o TABLE 1
. N
:: Summarv of Data Photographs
o,
A
‘ - : - ) - 3 . - ) - 2.
\\ Vg 61 m/s; Vg 21.7 m/s; Qw 300 cm”’/sec; X 3 m; Af 182 .4 cm?;
“
’- § =9 mm
-
."
i
- Negative No. of Drops Mean Dia. Vol. Mean Dia. Total Liquid Vol.
\
'
l'
f_',\ No. - mm mm mm3
Nl
o 1 267 0.55 0.89 97.4
i 2 207 0.58 0.86 68.2
o 3 256 0.51 0.87 89.0
L 4 155 0.58 0.86 52.3
= 5 179 0.63 0.92 88.0
7 6 212 0.56 0.88 75.0
" 7 243 0.59 0.91 95.7
-.’
- 8 128 0.50 0.68 21.5
N 9 337 0.53 0.80 91.8
o 10 169 0.60 0.87 57.8
‘_ Average: 0.56 0.85 73.7
B Standard Deviation: 0.04 0.066 23.0
; Std Dev. percent of Mean: 7.0 7.8 31.0
R %n;Dy . TnyDy%
N NOTE: Mean Dia. = ivi ; Vol. Mean Dia. = i
: :; Inj 2n1D13
"
» o
L Total Liquid Vol. = Zny _m Di3
; 6
N4
>
4
"
\J

-16 -




mvwxvj

N

R

:{{ Despite these three sources of errors, the present non-intrusive technique is
:;: still considered a good method for measurement of the liquid water flow rate in
L a moving droplet-laden airstream.

The droplet size distribution determined from the more than 2000 drops counted
in the ten pictures is shown in figure 10.

. CONCLUDING REMARKS
J:{ 1) A non-intrusive optical technique has been developed for quantitative
L determination of instantaneous liquid water mass flow rate in a droplet
‘i:{ laden airstream. The technique is generally applicable to the problem of
b water ingestion into an engine resulting in up to 22% water by weight
{(rain or wheel spray).
RN
:}} 2 The technique yields instantaneous spatial distribution of droplets at the
- nacelle inlet plane as well as the droplet size distribution.
MRS
B 3) Significant variation in the instantaneous values of the liquid water
), content was encountered in a droplet laden airstream produced by injection
} of a steady water sprav in a steady airstream. The standard deviation

among ten separate instantaneous determinations of the LWC was 31 percent
of the average LWC.

‘.. '.. ‘v' '-‘ ‘-' "‘ h
TN

A
Jus

The average liquid water flow rate as determined from the average LWC and
drop velocity measurements was approximately 10 percent higher than the
actual spray flow rate.
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Figure 10. Droplet Size Distribution at the Nacelle Inlet Plane
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IMAGE ANALYSIS PROGRAMS
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NNy
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NNy
MRS}
Y3
DITR R
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vAa2-51 19:58:17 26-APR-35 P 1
/TR:BLOCKS/WR

PROGRAM DROPS
Dirops analysis based on averaged maximum gradient

LOGICAL*1 ANSA,ANSO

BYTE ZERQ

RUEAL®S HIST:255%),DMAXO

BYE BUPICIS12) . BUGRALB12)
B0 PIXEL{S12,16)

COHNON/P INTAZP [X1A,

[HIGER*2 IVLTY256)

[HTEGER*2 ARMIN

[HTEGER*2 [BUYFO(3) | Basic data processing parameters
EQUIVALENCE [BUFQ( 1) KREDC)
EOUIVALENCE S IBYF0{2) ,5CALE)
FOBIVALENCE CIBUFO(4) ARHMIR)
FOUIVALEHCE (IBUFO{%), [CORTA)
THTEGER*? SL,S5 NHL L HS

REAL®A ABUES 2005 ,PBYIL 2093)
TRTEGER*2 L IMIT 4,200
CONMONS M INARE AN THAR

[NTEGER*2 IBOUFEIS)Y,PL,PC,CL,CC
REAL*S AREALPERTH

OV IVALENCE  IBUFEL L), P
FEQUIVALENCE CIBDEEC2),PC)
EQUIYALERCE (IBUFEC3),CL)
EQUIVALENCE { {BUFE{4),CC)
EQUIVALEHCE {IBUFLE{S) ,AREA)
EQUIVALEHCE ( IBUFE(T7),PERIM)

Upen data file

OPER {UHTT=3 , HAME="5Y : [3AA,IAFIRAIN.DAT ' ,TYPE="QLD ",

1 DISP="KLEP " ,ACCESS="DIRLECT ' ,RECORDSIZE=4,FURM="UNFORMATTED ')
REANDL3' 1) (BUFQ

I TKREDC.HE Y GO TO 938

KREDC=11 Initial record for parameters storayge.no data
ARITH=51 Default min area

[CORTA=YS

SEALLE=1

TYPE *,' Procassing parameters inttialization, defaults are:'
TYPLE *," Min area b 3q. pixels, Scala 1| mu/pixel;: Chanye {(Y/N)}'
ACCEPRT 141 ,ANSA

IF (ANSALRE.'Y") GO TQ 111

TYPL *,' Enter Min area (3q. pix) and Scale {mn/pix)’

ACCERPT * ARMIN, SCALL

GO TU 111

TP %, File has already data, Stops execution {Y/H)'

ACCEPT 1L ARSA

IF {ARSALEQ.'Y') GO TQ 954

First detector

TYPL *,' Beygin coarse detection’
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- FORTRAN IV-R 3 VA?-51 19:50:17  26-APR-085 r2
A OROPS.FTN /TR:BLOCKS/WR
\ -
bl nIAG CALL SETYP
) ( KT TIPE 7, Smoothing bafora compute gradinnt (Y/N)'
. 14! ACCLEPT 181 .ANGA
NS naan IF (AHSAEQ.'H') GO0 TU 4
TN INER CALL SHOOTH
SO 1159y G4 0 H
Ty N A Ny 3 K=l,256
o 0% 3 LT el /2
SN L3 CALL VLTCURC L, IVLT)
. ¢
y ) () save originatl picture
3 [N
P ns 4 5 CALL SETyR
‘;«.: nsLsL OPEN {DRLT=7 ,TYPL= ' SCRATCH ' ,ACCESS='DIRCECT ' ,INITIALSIZE=512,
".\‘. IRECORDS 1Z2E=120)
! nnsG HBLK=1
D Ny’ DO 17 Kal,32
NH1y LIt K=1)"16+]
- DOLUR) LCODA IHAGE Y L INL 16, 'R PIXEL)?
w, NGy ISTAT2JESC7 P IXREL JHBLK . 48996, 1 ,NBLK)
Ve NGl 17 CUNTINJE
Sk e
‘-L,.::f © Tranafer smooth picture to channel
g [
o nmn? CALL SETYP
4." NGl CALL INSEL(2.08,.0)
3 G4 CALL OUTHBLC L
pric GG CALL FHOPLR
N C
o « Conmpute gradient
L%y C
) nanG CALL SETHP
NS nme? CALL GRADIE
C
A [ Restore original picture
e ¢
i}}j Ny CALL SETUP
ek N HIRLK=]
oy 0y D 20 K=1,32
o INEA LIN={K-1)"16+1
K nare [SIAT=dLEECT7  PIXEL (HALK 4996, 1 ,NOLK)
. ey [COD=THAGE( , LIN, 1L, 'W' ,PIXEL)
A DN 2 CUNT [HUE
¢ [N
::\,:’ M Threshold gradient pictura
’ ..I C
e my7Tn CALL SETHP
ol nrn CALL THSTLOL,n,7)
e ny CALL OUWEHRLL 4)
9 3 iy CALL FHOPER
"y CALL SETYR
;:0.. ey nn T+, Thrashold qradfent imaqge’ ,ICORTA
3 e CALL St
‘:CR R DO 51 I, [CORTA
;Q Ny 51 LILTCIL T )=y
. g4 DO L2 JLT=[CORTA+],250
- [
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et
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vn2-nl 17:50:17 2G6-APR-05
7/ TR:BLOCKS/WR

IV TR T In 265

CALL VIDTHROL,, IVLT)

TYPE =, Accapt throshold (y/n)°
ACCEPT 1F1ANSA

{F (ANSA.KRE. "W 40O TQ 6H

TYPE *,' Cntnr gradioant image threshold’
ACCERT *ICORTA

GO T Sy

FORMATIAL)

CALL siTyp

DO JLTSICORTA+], 256

VL ICaL Ty =di -1

CALL VLTCORC L IVYLT)

cAaLL sterye

Save gradient pilcture

HILK=]

Doy oy K=1,32

LIRS =-10% 105+
[ICODIMAGECT L INL LG, 'R LPIXEL)

U5 IANT=D0SCE 7 P IAEL (HBLK, 4039465, 1 NBLK)
CUNTINYL

Remove background varfations

TYE 2, Remova backyround vartations [Y/N)'
ACCEPT 1AL ARGY

I (ARSO RE.IK) QU TO 8%
SALL THSEL2,8.40)

SALL OUTHBLA)

AL FHOPER

AR R N )1

AL THSNLEL, 8,00

AL OUTHBL(2)

IALL FHOPER

ALE sETYe

GY 10 1y

I15D=1m) | Variationt scale
CALL UGPASCLSD, L)

CALL strTup

- em o em am o e -

Restore ygradient picture

HiLK~1

Dy 129 Kal,32

LilgesK=1)"1n+]

(5 TATAILERL 7  PIXEL (HOLK,A096G,1 ,NBLK)
[CON= TMAGEC2 ,LIN,106.'W' (PIXEL)
COMTINVE

Compute HHistogran
IRty

r{pr *, ' Computing modifiad POF’
DU N K=Y, 2805
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FORTRAN 1V~
DROPS.FTH

N2
gy
Nt
N
DN R
(AR
NnLmMm
[T
wey?
DAY

nmM
N4y
nitl
Nt
1143
DEARE!
nean
RARIN
AW
nean
iy
DN
DAMEI
Nih?
AR
DANE ]
NiHYy
N 1hHn
AR
NinLy
NiH?
ninyg
ninit
Ny
nin3
DAKIN
NInY
Ninn
DELIR4
iy
Nine
NAWA ]
N
[
nisy
ni’y
niry
nt’y
nyr?
nrm
e
TAHD]
HERIN

‘1Y

160

ann

i

3.2

S vi-51 179:50:17 26-APR-05 €

/TR:BLOCKS/WR

HISTOK ) 2T,

DO U K13 oNA

LEOD=THAGLECL K, 1, 'R AUPICH
[CON~ [MAGEC2 KL, "R L BUGRA)

DY IHA J= 1 50

I ABUGERACD Y UQ.2ERO) GO TO 15
AT IVEBRDERACD )

[TV ICCI D))
WISyl IS reil 1A

CUN M THUL

Diaplay histoyram and threshold dotermination

DHAXD Y,

DO Ty K=0T,25%%

I LIS TRV LG T DMAXO ) DHMAXO=HIST(K)
COWT DL

DY L2 Ky, 24%%

WIS TORD)=ISTIR)I/DUAXO

COWT LIt

CALL IHSELCYL 8.0

CALL OUTNBIL(4)

CALL FMOPER

CALL sETyp

ne 16y Kel 256

VLT Y=Y

CALL VIDTHRCL,IVLT)

TR =gy

CALL DISHISIHIST, ITHR)

TP *, " Entar (1) simple. (2) bimoda) distribution’
ACCERT * IMODES

CALL SEBISOSHIST ITHR, THODES )
TYPL *, tastimated threshold' ', ITHR
CALL SLETUP

DO AT JLTe1, ITHR

[YLTCIOL T )y

DO 392 L T=21THR+1,250

P TEL T a2

CALL WILTCORE L, IVLT)

CALL s rye

L)y

VLT 5600

CALL VETCORCTL,IVLT)

CALL s e

CALL BORDEACTIVLT)

CALL 5L ryp

CALYL DISHISIHIST,ITHR)

TP *, ' Aceapt threshold (Y/H)'
ACCEPT 10T ANSGA

I {ANSALHE . "H')Y G0 1O 1579
TIPE = Entar threshold’
ANCCERT * TTIR

M LARSD.HE ., "WYY GU TO 327
CALL WSV CL 0 )

CALL OTHRLL2)

CALL IFHOPLR

~Ab-

W TUW W TV TO
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A8
L,
¥ FORTRAN (V- S var-51 19:56:17 26-APR~05 b €5
- DROPS.FTH 7 IR:BLOCKS/WR
L)
s PIUE: CALL SITHP
prae [1ARIR] G TO 3y
ol iy 3zn CALL NIGPASCISD, |.0)
AN AR CALL SErup
[1ARIIH GO Q0 3y
" iz 3509 (YPy *,* nDefault region tho antire picturn; changa (Y/N)'
)nl ninn ACCUPT 11 ANSA
DA NNy (F (ANSA.LU.'Y") GU TO 499
g Shal
A ni Bl
i HI =510
Mo Nl He='10
Y RN G0 T 4%
ey AR Ang P * ' Uie curanr to define ragion/push whita key'
\;: 190 CALL RUGTIOCLL, U8, HL L HS)
O [
“ "7 497 AHTHAR=ARMIN
) ~ BER ] TYRE *,* Regton definftion SL=',3L,' 535=",35," HL=' HNHL,' NS='_NS
ARy 11 VLI )ep
o n:rmy VLT )=25%%
1NN [V T2 10250
A .o CALL VLTEORCD,IVLT)
- Ny CALL serue
N0y TP *, " GConputing drops stz
- 1.0 CALL GUTASCL S0, 53 JHL WS ABUF (PODF ,LIMIT  HUMODY )
'J:-_' ARG TH VL1411 =)
o nar LT a]
L% ) 0.0 CALL N TR, YLty
L TROR) CALL BURDEALIVLT)
-2, N cALL spnge
V.o Nl TP *, ' End coarse detector'
b, N2e ann CLUSLIYUKRIf=7)
o ¢
':._\:’. (b Save results on disk
rr4 L
N2y 2nn TORDIEY
N2 SUME2aSCALEYSCANLE
R~ nry YR+ DATABASE: Infttal alement' ,KREDC
R IR DO NIyl K=1,HUMUBY
.' e HUMDR=HYHDR+ L
\“ nn ERENDCRIDC L
. N2 PlLeLiMIT¢L,K)
. n.rly PU=LTMITC2 ,K)
J N2 CL=LIRIT(3, K
®) noas Ce=1 IMITI 4 KD
o N AREA~ARDE LK ) *SCALE?
,':‘. N2y PERIM=I"MIVF{K }*SUALE
_1'.:- n.'.h WIRITES JKREDC) IBWFE
.‘;;-‘; Ny IF CRRIEDC.LQ.1291) 4O TO 2425
O8N "Ny 2 CORT INUE
v, Ny N e TP =, DATABASE: Final alament’' KREDC-1
i ‘_ DRAS TP *, ' Huubhor of objacts in this frawe' [ NUMDR
By "Ny WRTICC 1) INUFULYpdate genaral inforwation record
e N 959y CLOSLCURIT=3)
'-,,: AR K LHD
i
2
A
e
p
]
=y
_&::
"
-3
Lo
S
® A5-
f,!
'S
> MRLCLALY ALCEACERS AN
) Gt Pt T S R T A PR A I R RS
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: FORTRAN.IV-PL var-51 14:99:92 2%-APN-85 PA 1
GOTAS.FTN ° /TR:0LOCKS/WR
nmm SUBRUVUTINE GOTAS(CHAN,SL,SS.NL,NS,ABUF,PBUF ,LIMIT HUMOBY)
o
C Drops gecometrical caractorization
C
> INTEGRER®*2 CHAN.SL.35 HL, NS
ey YT PIXCLIGI2,6)
s COMMUN /P INTA/PIXEL
DTN [HIEGER®2 FLAGUS 12,20, 10035)
MmN THTEGER*2 ISLSOMYY L ISSSECWIY ELCIFY ESIT)
NONE INTEGER*2 CHTIREYT, ) BEGIN(IY,2)  IEHD Y93, 2
1 IhIMGER*2 QLLDID  NFEWILD
Ny THTEGER®A NP IXS(Yd)
ne Ly REAL*4 RPEREIN)
nyll REAL*A ABUFC L), PBUFC L)
e THTEGLR*Z2 LIMIT(4,1)
C
C lnittaltza
C
nnil CALL 2TAMTLAGCL, 1), 1924)
eyt CALL Z1IAMRPER, 1139
AR CALL 2ZIAHPIXS, 10
AILEET CALL 2 IAQCE J9m)
vy ! CALL ZTACES 9
iy CALL ZIACCHTROL 1Y, 107
1LY CALL ZTIACUEGTHOL, 1), ium)
1y g CALL ZTIACTEHDOL, 1) 1)
11321 CALL TIIACIZONT 1505 ,'0Y)
noee CALL TTIACIZDNT , 1555 ,9)
"yt RYUNORJ =5y
"y 5%}
ety W agg
A WO C=9
nazr DIRINLIEE
nyen W55 v NS
narY Hil =50 -]
DI K1} HLL=HSL+NL
n
[ Main loop
C
ANt Ny 147 L=t L, 16
e IBLOCK=MIHNA{ 16, HL-L)
N il [ RLINGL A A B
14 LU « TMAGL(CHANR L ITHE , 1BLOCK, 'R ,PIXEL)
Ny N 1Y KKe=]1,10
0y G H1=5%
ny 1’ LIHIA=LIHE rKK-1
"y HIWC= | 54art scarching for an object gt 7
Ny 195 DO 11 Jall K55 ) ool for left edye
DRED § IV apPILed,KErY) GO TO 129
I EN 1y CUNT IO
[ Ho mare cdgea on this line
ALLK 9 ) Q113
g 12n Hi=J | Laft adge
Nyl By 14" J=H1,.H55 | Look riqh ndga
NN 0 . HOT. PIKELCY KK ) GO TY 149
DR 130 CUN T INUC

AT

L QP My S N

g




AR
N
L
¥ t
Vi
40y
w ‘i FORTRAN 1v-PL vat-n1 14:99:02 25-APR-85 PA Q
GOTAS.FTN TH:BLOCKS/WR
6‘15'.
M nni{? Jel35+1 | Righ edge 13 the picture Loundary
N MIAB 149 HC=J-1
. [
\-‘. " Find 1D of this object from previous flag line
’ :
=, .. L
:-.‘_‘ 49 CALL MATCHOFLAGE L . 3=-15W) M1 H2 HUM,TD (H55)
. DAY WWIN=~1DC L)
N ns I [F (HUM.LT.2) GU TO 141
o r
l) X C I many 1D candanse them tnto ane
0 nnno CALL CORIDORPLR WP INS IGLS, [353 ,EL ., ES,HUM,ID )
_ 1 3 GO0 12
:j:. L4 17t I (HUNM. RLC.O)Y GO TO 1A2
W e [
AN ¢ If thrara 14 not [0 them creates one
oy Lo CALL FIRDIII HUWID, RPIAS,ULDIV)
] I
[W hogin counting parimeter new ovbject
v n3s%6 REPLIEHLWID a2 -t +2
o0 [N
o " And update flag buffer and counters
f,:v" nnn? in2 CALL TTINCHLWID  FLAGIH]L L ISW)  H2-N1+1)
ooy ORI MY WCa N W+ )
"&:, O NN CHIRCWIWE, ISWIaNEWITD
I, 33y B TR HENG, 54 eld]
.3 DDITH [EHDCHLWE , I5W a2
o » ] [
oY C Updata statistics huffer
S nan2 NP JAS HEWID ) aRP [{S{NLWID)I+H2-N]1+])
R 0y I CLSLSCHEW D) L GT. LIRIAY T5LSCNCWINIaLTHIA
:- LY IF CISSSORIVIDY QT L) ISSSONCVIDIaKI
Lo - NG FPESOHEMIN ) 8T N2 ESINLWID I =H2
. N ELCHEWID ) =L IH A
e’ CALY, PUERINCHOLEC (HEWC ,CHTRO L ISWY HEWID RPLR,BEGINC ] ,3-15W),
1 BUGIRGY,ISW) TCNDE L 3-1SW)  TLHDO L, I5W))
I
© trnd hack for more data on the zame line
annn Hi=Hl2
1L IV (H1.LE.N33)?) GO TO 1A%
¥
t Search buffars for terminated drops
nnry 173 CALL LHOVL TERPER NP INS, ISLS IS5, 0L (B  RLL LINIACHTRO L, 3-[3W),
Tl I CHIRCTL,I5W) ,NOLC (REWC  HUMOBS BEGINHI L, 3-15W ,BEGINCL,ISWY,
. - 2 TENDC L 3=-I5W) L, TENDL L, [5W) JABUE PBYF (LIMWIT)
.- nary CALL ZTAZFLAG!1.,3-15W).512) | Zaro flayg line
~ N {3W=2-135 I Switch the fiay
-.;_-v DILEE! HOLC=HINC
e Ry Ny 1nn CORTHIUE | Close walin loop
LI o R TURM
SO0 Nt LN
[~
oW
*i‘-
"\,,-::
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ot
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S
e
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FORTRAN "lV~¢ va2-51 19:41:39 S4-APR-85 P 1
MATCH.FTN /TR:BLOCKS/WR
g001 SUBROUTINE MATCH(FLAG, N1 N2,NUM,ID,NS)
C
c RETURN 1.D. OF ODJECT FOUHD ON PREVIOUS LINE
C FLAG =« OLD FLAG BUFFER
c W1l = BEGIN, N2 = EWD OF ORJECT
C HYM e NUMBER OF OBJECTS LOCATED
C IV = 1.D. OF QBJECTS LUCATED
aan2 INTEGER FLAG( 1)
A093 INTEGER*4 [0¢( 1)
0Ng4 Ml = NI - 1
aNgsS M2 = N2 + |
,ING IF (M1 LT.1) M] = |
nana? IF (M2.GT.NS) M2=NS
g HUM = g
BRI K = g
C
o FIND ALL FLAGS
Cc
LAY DO 19 J=M1 M2
Lt [F {(FLAG{(J).EQ.K) GO TO 1#¥
Al IF (FLAG(J).EQ.8) GO TO0 19
nn13 K = FLAG(J)
N4 NIUM = HUM < |
ANLH INHYN) = K
N6 19 CONT INVWE
o317 IF (HUM.LT.2) RETURN
(o
c REJECT DUPLICATES
C
L AR:] CALL CORSRT(ID,ID,NUM)
LDARS N = |
Ny K = [D(1}
AN DO 2/ J=2 ,NUN
N2 IF (K.EQ.ID(J)) GO TO 28
N23 e K+ |
NN24 INCHY = [D(J)
1 i) 29 CONTINYUE
NnA2n NH = i
N7 RETURN
NP2 END

R

9,9,

~A8~
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FORTRAN ([V-T vA2-51 19:91:84 J4-APR-BB P 1

PERINM.FTN

081

apn?
oIn3
BORE]

anns
o6
nay?

ANAnD
9
g
/il

N2

9913

14
B AR

ARG
nnNL?
DUAR
AR
Ny
N2
22
N2l
3324

9A2%
nn2e
27
NBI2K
NI29
AN

NNl
Ny32

aooOan

coa

OOO0O0O0

/TR:BLOCKS/WR

SUBROUTINE PERIM(NOLC ,NEWC ,NECNTR,NEWID ,RPER,OBEGIN . NDBEGIN,
1 QEND ,NEND)

THIS SUBROUTINE ACCUMULATES PERIMETER MEASUREMENTS FOR THE 'OLD’
LINE BETWEEN N1 AND N2 OF THE 'NEW' LINE.

INTEGER NECNTR{1),08EGIN(1) ,NBEGIN(1),0END{1),NEND(1)}
REAL*4 RPER( 1)
IF (NOLC.EQ.8) RETURN

SEARCH 'OLD' LINE FOR MATCHING OBJECT SEGMENTS.

Ll =g
DO 195 J=1,NOLC
IF (UERND(J) . GE .NBEGIN{NEWC)-1_.AND.
i OBEGIN{J).LE.NEND(NEWC)+1) GO TO 14!
GO TO 149
191 OHEWC = NEWC - |
IF (ONEWC.LT.1) GO TO 341
IF (NEWID.EQ.HECHTR{ONEWC ) .AND.CEND{(L2).GE.NBEGIN{NEWC))
| GO 70 392
GO TO 38!

IF PERIMETER HAS BECN ADDED FOR PREVIOUS PARTICLE SEGMENT ON
"HEW' LINE WITH SAME [.U. AND THE ‘OLD' MATCHING SCGMENT
UVCRLAPS BOTH 'NCW® SEGMENTS, THEN THE OVERLAP 1IN THE
CURRENT SEGMENT IS SUBTRACTED FROM THLE PLRIMETER VALUE.

192 RPER(NEWID) = RPER({NEWID) - SQRT{({OQEND(L2)
1 - FLOAT(NEND(ONEWC)))**2 + 1.) + HBEGIN(NEWC) - HEND(ONEWC)
GO TO0 343
gl RPER(HEWID) = RPERINEWID) + SQRT({NBEGIN{NEWC)
1 - FLOAT(ODEGIN(JI?))*"2 + 1.}
393 L1 = J
Ked =+ |
GO To 182
inn CONT IHUF
192 IF {L1.EQ.Z) RETURN
L2 = g
IF {K.GT.NOLC) GO TO 298
DO 193 J=K,HOLC
IF (OEND(J ) .GE . NBEGIN(NEWC )=1_.AND.

i OBEGCIN{J).LE.NEND(NEWC)+1) GO TO 144
GO TO 193

184 RPER(HEWID) = RPER(NEWID) + (OBEGIN(J) - GEND(J-1))
L2 = J

193 CONTIHVE
20y IF (L2.EQ.7) L2 = L]
NPER{HEWID) = RPENR{NEWID) + SORT{(NEND(NEWC)
l - FLOAT{OEND(L2)))="2 + 1.}
RETURN
END

—A9-




FORTRAN 1V- s vA2-81 19:59:82 S4-APR-85 i1
CONID.FTN /TR :BLOCKS/WR

891 SUBROUTINE CONID(RPER ,NPIXS,iSLS,ISSS.EL,ES,NUM, 1D}
c
c USED TO CONCATINATE HMANY [.D.'S

c
Ban2 INTEGER OLDID,ISLS(1),1SSS(1),ELC1),ES(L)
03 IMTEGER™4 NPIXS(1),ID(1)
9994 REAL*4 RPER( 1)
AN NEWID = [D(1)
9906 00 19 Je2 NUM
M7 oLDID = [L(J)
GLLL RPLR(NEWID) « RPER{NEWID) + RPER(OLDID)
N ANI9 RPER(OLDID} = 4,
) onLg NP IXS(NEWID) = NPIXS{NEWID) + NPIXS(OLDID)
b BALL NPIXS(OLDID) = &
K N2 IF (ISLS(NEWID).GT.ISLS(OLDID)) ISLS{NEWID) = ISLS(OLDID)
A A3 ISLS(ULDID) = 3298
Rt D314 IF (ISSS(HEWID).GT.ISS3(OLDIDI ) ISSS(NEWID) = ISSS(OLDID)
nois ISSS(ULDID) = 328098
AN W16 IF (EL{HEWID).LT.EL(OLDID?)) EL(NEWID) = EL{OLDID)
o Ly CL(OLDIV) =« &
N BIAY: IF (ES(NEWID).LT.ES(OLDID)) ES(NEWID) = ES(OLDID)
AN N1y 18 ES(OLDID) = 8§
Koo N2 RETURK
- 0321 £END
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FORTRAN '1Y-P ve2-51 19:92:62 fg4-APR-89 4 1
PCNCAT.FTN /TR:BLOCKS/WR

R

v

080} SUBROUTIME PCNCAT{NCEN.PCNTR,BEGIN.END.NEWID,RPER)}

THIS SUBROUTINE COMCATINATES ALL ENDING PERIMETER VALUES FOR EACH
[.D. ON AN ENDING LINE.

G h A

P
[

O0O0O0

/"l.l »

89982 INTEGER PCNTR(1) ,BEGINCI),END(1)

80A3 REAL*4 RPER(1)

8074 DO 1879 J=] NCEN

LLBAS IF (NCWID.EQ.PCNTR(J})} GO TO 1M1

BRI G0 TO0 189

nnnz 191 RPER(KREWID) = RPER{MNEWID) + END(J) - BEGIN(J) + 2.
GLEA 184 CUNTINUE

BELE] RICTURN

oyl END
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{}' FORTRAN 1V=-T v82-51 19:83:98 84-APR-85 P 1
'1\i FIND.FTN /TR:8LOCKS/WR
.
A a1 SUBROUTINE FIND(NBIN,NEWID.NPIXS,OLDID)
M ' C
A
! C USED TO FIND A NEVW BIN POSITION
bR~ C NBIN = LEWGTH OF BIN BUFFERS
SN C MNEWID = HEW BIN VALUE RETURMED
e C NPIX3 = SUM OF PIXELS BUFFER
SR C OLDID = LAST FOUND [.D.
S gnn> INTEGER OLDID
i AT E INTEGER®4 HPIXS(1)
3 A DO 144 J=0LDIN HBIN
- anas IF (NPIXS(J).EQ.8) GO TO 208 '
e NG 109 CONT INUE
L 0997 D0 15 J=1,0LDID
R, N « M
- a0 [F {(HPIX3(J).LQ.4) GO TO 2098 )
o e, LIDA 1549 CONTIRUE
"ﬁ‘ g TYPE *,' All bins filled'
i 310
e 239 HEWiDe]
Nl 01LBIV=J
o D1yLA RETURN
el NG LHY
SN
-:.‘j
...\
b7~

-

P4
OLDL M.
ARV R |

-
'l

-

ﬂ‘r_'4‘~.". L
e e -

A
iy
Pt

.2
227
"‘."‘-I‘..‘5

X

~Al2-

“n \"‘\- ‘-¢'\«-“d ;-*'-'_

* » ¥

":‘a?f‘w“)

- e "y T "4, : "u T T e T RN LT e e T e e T A N
I X RTITR J:" _'-I'-'I gy .“.'-'_3\,3‘;.{ = '»','»* 5 Y e ORI ES TR Y PO AR
el 3 Iy, ey » . » - :




N
N
",
l
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o
n{ FORTRAN "[V~P vA2-51 19:93:28 F4-APR-8S r 1
o CORSRT.FTN /IR :8LOCKS/WR
nos SUBROUTINE CORSRT(KEY,PTR,LEN)
oA [
o~ C IN CORE SORT ROUTINE. SORTS THE VECTORS KEY AND PTR INTO ASCENDING ORNER OF
:k: C KUY. THE VALUES IN KLY ARE TREATCO AS LOGICAL QUANTITIES HENCE SIGN BITS
o C HIST BF TREATULD ACCORDINGLY. ALPHABRCTIC RECUORDS MAY BE SORTED SINHCE
- C CHARACTER CGDES ARE IH LOGICAL GRDER. [HE PTR ARRAY CAN THLN BE USED TO MOV
L C RECURDS IN A DISK FILL.
: C
';) . nAn? IMPLICIT INTEGER(A=2)
- 3 ANl INTEGER®4 [MSK ,JH3K,SM{32) ,PTR(1),TEMP
e N4 LOGICAL®A4 [M3L,JMSL KEY(1) ,LTEMP
= INA% D IMCHSINON BORY(3,32),C00(32)
.. NI EQUIVALENCE ¢ TM3K, IM3L ), (JM5K INSL)
- 89457 DATA SM{1),3M(2),5H(17)/0208008080058.01033089309038,0180038/
» Y Cc
Rl N Ne 1 I=3,16
1Y) 1 FMOT) = SM{I-1)1/2
N 03 1Y ny 2 f=14,32
w;? il 2 SHMUT) = GH(I=-11/2
.__.: A2 LV = |
S N3 BHRY{(2 ,LEV) = |
o L BORYL{I,LLV) = LEN
oy ML CBD(LEV) = 2
e NG 72 £8 « CHD{LEV)
= my? PL = BORY{CH,LEV)
M DIy Pl = BORY(CB+1 ,LLV)
- w19 1I¥ (PL.GE.PY) GU TO 75
A M2y IHSK = SMILEY)
> <. a2l 8l JHMSL = KEV(PL).AND.IMSL
o 9N22 [F (JHSK.HE.JF) GU TU 8%
o Nl Pi. = PL + |
N2 A IF (PL.CYU.PY) GO TO 73
ry norn GO T0 81
‘o Mm.e 85 JN3L = KEY{(PU) AND. INSL
e "y I¥ (JIMSK.NE.)¥) GU TU 86
o BT LTCHP = KLYI{PL)
o Yy TEMP e PTIR(PL)
e nman KEY(PL) = KFY{PY)
dod IRT PIR(PIL) = PTRI{PY)
':) N2 KCI(PY) o LTEMP
N PIR(PY) @ TEMP
! DILRY G TO 91
A AR 86 Py = PU - |
g LIRS IF (PY.NE.PL) GO TO 0S8
o nnr 73 JH3L = KEY(PL}.ANU. INMSL
< SLEL] IF (JMSK.NE.B) PL = PL - 1
! AR 1F (LFEV.GE.32) GO T0 75
P ; My Ay CHl = CUBDILEV)
B i LUV = LEV + }
o PUXE: CHDCLEY) = |
gl nna BORY!1,LCV) = RORY(CD,LEV-1)
'w.;.. KK BNRY(Z2,.LLY) = Pt
:55 nn NI LYY » BORY({CD+1,LEV-1)
Y N4y G TU 72
' DA 7% 1F (CHU{LEV).EQ.2) GO TO 76
; . NAn CBDILLY) = 2
L
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N FORTRAN " 1V-P va2-51 19:83:28 g4-APR-83 ’ 2
Yy CORSRT.FTN /TR:BLOCKS/WR

, 9749 BNORY(2.LEV) = BDRY{2,LEV) *+ 1
i e, i Gy T 72
o 095 1 76 LEV = LEV = 1
P ANG IF {LEV.GT.H8) GO TO 75§
0 NGl RETURN
A05A END
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FORTRAN" (V=P ve2-51 19:91:54 A4-APR-8S P 1
ENOFLL.FTN, /TR:BLOCKS/WR
0881 SUBROUT {NE EMOFLI(RPER,NPIXS,!SLS,1SSS.EL.ES,NL,LINE,

ann
BLOR
BRDES
NN
ond6

nnn?
nnn
a9
nnig
My
Nz
913
nyl4

nan
o

natL’
nols

ALY
nn2y
nzi
922

[\ ]1 et}
(11} i}
(11} Ra8
mInH
ny27
V4]
w29
N
DI RR!
15312
V933

DM
Ny
nyie

nni?
DU RT

(e Ne Nyl

OaCo

(e N2 X2}

a00

1 OLCNTR,HECNTR ,NOLC ,HEWC ,HUUM ,UBLGIN ,NBEGIN,
2 OEND ,NEWD ,ABUF ,PBUF ,LIMIT)

SEARCH FOR FINISHID OBJECTS

INTEGER*4 NPIXS(1)

IHNTEGER OLCHTR({1),NECNTR(1),0BEGIN(1) NBEGIN(1),0END(1) ,NEND(1}
INTEGER [SLS{1),153SS{1).CELE1Y,ES(L?

REAL*4 RPER( 1), ABUFC 1) POUFC )

INTEGER*2 LIMIT(4,1)

SEARCH QLCHTR FOR [.D.'S HOT [N NECNTR

IF (LINE.EQ.HL) GO TO 52

IF {(HOLC.EQ./7) RETURN

IF {NEWC.EQ.¥) GO T0 51

ho ¥ Je=i,HOLC

HEWID = ULCNTR{J)

DO 29 Ke} HEWC

IF (NLCWID.EQU.KHECNTR(K)} GO TO 17
29 CUNTINVE

DROPLET NOT CONTINVUED

CALL PCHCAT{NOLC,OLCNTR,ONEGIN,CEND ,REWID,.RPER)
CALL FIRAL{NEWID ,RPER ,HPIXS,ISLS,ISSS,EL,E3,.NUM,ADBUF,
| PBUF ,LIMIT)
18 COHTINUE
RETURN

FINISH OFF EVERYTHING

91 DO 54 Je=1,NOLC
HEWID = OLCHTR(J)
CALL PCNCAT(NOLC ,OLCNTR,OBEGIN,CEND,NEWID,RPER)
CALL FINAL(HEWID RVER NP IXS,ISLS,ISSS.EL,.ES,NUM ABUF,
1 PBUF LIMNIT)
5N CONT INUE
RETURN
52 IF {(HOLC.EQ.A) GO TO 67
IF (HEWC.EQ.) GU TO S
N0 4y Je] HOLC
HEWID = OLCNTR(J)
D) 99 Ks] NEWC
IF (NEWID.EQ.NCCNTR(K)) GO TO 1738
93 CONTINUE
CALL PCNCAT(MNOLC,OLCNTR ,OBEGIN,OEND NEWID,RPER)
CALL FIMAL{HEWID RPER NP IXS.I3LS,ISSS.EL.ES.NUM ABUF,
i PBUF LINIT)
60 TQ nA
10N CALL PCNCATONALWE HECNTR NBEGIN ,NEND  HEWID,.RPER)
CALL FINAL(NEWID RPER, NP IXS, ISLS.ISSS,EL.LS .UM ABUF,
i PUBUF LIMIT)
an COHT THUC
RETURN
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/TR:BLOCKS/WR

IF (NEWC.EQ.A) RETURN

DY 79 J=] RIIWC

RIWID = HECNTR(J)

CALL PCNCAT{NEWC NECNTR.NREGIN NEND ,NEWID, RPER)

CALL FINAL{NHEWID RPCR,NPIXS,ISLS,ISSS,EL,.ES,HUM,ABUF,

1 PBUF . LIMIT)

CONT INUE .
NI TURH
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) FORTRAN 1V-PLUS VA2-51 19:29:49 25-MAY-82 PAGF |
] FINAL.FTN /TR:BLOCKS/WR

'\ oga SUBRQUTINE FINAL(NFEWID.RPER,NPIX5,1SLS,ISSS.EL,ES.NUM ABUF,
9 1 PBUF ,LIMIT)

¥ o

& C 7O TERMINATE AN OBJECT

: C
AN a2 INTEGER®4 NPIXS(1}

R IR INTEGER®2 LIMIT{4.1)

! . M4 IRTEGER ISLS(1),13SS{1),EL(L),ESCL)

A nn RCAL*4 RPER{ 1) ,ABUFCL1) ,PBUF{ 1)

‘.: RGN BYTE ORIGA(G12)
B vy COMMON /MINARE/ AMINAR
A8 Mg Ir CHPIXS(HEWID).EQ.F) RETURK
k.. GnT] HUM = NUM + |
N AL IF (NUM.LT.231) G0 TO 5

’ BOAR! TIPE *,' Humbor uf spots gt buffer space avallable'

N2 STup

P C

v C  ACCUMULATE DROPLET STATISTICS

- C

- N3 5 ABVE(HIUM) » NPIXS(NEWID)

- L4 PBUF{NDM) = RPLR{(NEWIN)
- MLY% LIMIT(L,NUH) = [SLSUHEWID)

! MG LIMIT(2,HUH) = [SSS{NIEWID)
L nLy LIMIT(3,HUM) @ EL{NEWID) - ISLS(NEWID) + 1
- I LIMITCAHUM) @ ES(NEWID) - ISSS(NREWID) + 1
Ol C  CLEAR 0BT BNINS

;- AL I (ABUFCHUM) .GT.AMINAR)Y €O TO 18

e Ny CALL BORRARS L LIHMITOL ,HUM) L IMIT(2,NUM) LIMIT(3 NUM) LIMIT(4 NUM))
- 21 NUMaNUM- |

A C

i N2y 19 NP I{S{NEWID) = @

"2y HPCR(HEWID) = @,

-~ N4 I5L3(HEWIV) = 328809

" Ny 1S5S (NEWID) = 32930

W N2H TLIHEWL ) = @
L8 Ry ES{NEWID) = @
AN THEL] RE TURN

b N2 END

v,

",
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"
i: FORTRAN 'IV<P v92-51 18:50:39 23-FEB-84 P 1
:;n RAINST.FTN /TR:BLOCKS/WR
\ anmi PROGRAM RAINST
. c
_‘ C Road droplots’' data file and computa genaral statinsttc
", [
) [ Programar: Miguel A, lHornan
,.': nnn2 REANL*A DRUYFC1200) VOBUFL1200) ,CSFERC12A7)
" Ny g REAL*D SHDY,SHL2,DTUT,ESTOT,SHD4 ,COMUD
. R M4 IHTEGLR®2 HUNME
- Ny LOGICALT] ANSA
A Ny REAL"A VOLUIS{A:TY9) ,FRENIS(A:79)
v Ny REAL*S AREALPERIM, D3, 0D2,D,04
ol nuan LOGECAL®D HO20DC12)  HOZINCGB) HOZID{BA)
::\ 11539 EQDIYALENCE(HO20DC 1) HOZTDC L))
) nyg LU EYALERCESHOZ THC L)  HO2EDC13 )
" n ] IHIEGER*2 gprLriy
Nyt LOGICAL*L FLILEHAL22)
NN IHTEGER*2 IBOFERO) ,5L,55,NL, NS
N LU AN EOWIVALERCELIRUFERS L), S
.-: NS LI IVALENCE, IBYFERL ) (55
-, N6 CUHIYALENCES TRUFVERC ) (WL
- Ny EOMIYALERCE ! [BUFEREA) HS)
o my iy PO IVALENCES [RUFERCS ) L AREA)
12N INER] OV IVALENCES IBUFERS 7)) L PERIM)
000y DATA YOS /0=y . 2 FREMTIS/0A*F./
K mzi DATA HOZUD 7'M ,'0' 2" "2 'L B Dty vy
® C
- ¢ Opnn data file
3]} Patd 451 FORHAT(Q,22A1)
- N2y TYPE *,' Entar filaname'
e nnaa ACCLPT 451 ,LONGU,(FILENACT),I=],LONGO)
L C
nyzs OPEROYNI T3 HAML =F [LENA,TYPE="OLD ',
o IN1SPaKELEP ' ACCESS="DIRECT ' RECORVSIZE=4 ,FONM="'UNFORMATTED ')
fa narn READCT 1Y INWELR
N TERY HUHE = IBYFER? 1)
y DIARE} [COHT=g
] DIVRE ] BLUEES N
" ORT HINRET, A
g NNy SHD =T,
e NI)T=yy,
.t [IIIRE] ESTT=y,
-.$ N4 Pl=3.14159
A BIRE) Ql=4./¢3."SQRT(P1))
}'. N
o C Hatn loop
P nnin N 1910 K2  HIME
9 i’ READIEI'K) [BUFER
| R IF CIRUFERCLY . LQ.G) GO TO 209
) DR 1CONTa LCONT |
22 N by N2 4. *AREADY /1P ]
~ anry DSORTCD2)
- I KA DEEIRAT
o DER] R RAII V]
S [INEK] ESPFURIICONT )= (PERIM*PERIM)/(ARCA*4.*P 1)
. nnaL DUUF( ICONT )=D
P
L
(
N
_,:»
g
B
-..
L
o
T

L4 -Bl-
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X
"o FORTRANTIV-P va-5l 19:59130 23-FED-B4 P 2
LS RAINST.FTN /TR 1BLOCKS/WR
LS\
L AINAG VORUF(ICONT )aQl*(ARCA®*"] . 5)
N AW SHNA=SMDA+DA
RL! SHNI3HNI+D}
gy M HEDEL I 1) PR TP
o~ Y ] DIOTaDTOT+1)
T NN E3TOT=ESTUT+ESFER{ ICONT)
T THER IBERTALY
"y U LEHINIe?29, 1)
T 4 FRENISCT D = RENISCTIT )+
3N MHY VOLIESC T avOLNISC I T )+03
e nntG 199 CORTLRUE Y
WY N7 CLUSE (UNLT=3)
b L] GO 1O Yy
By NN 209 CLOSELUNIT=T) .
:h‘ Ny TYPE =, File racords countar error'
i > NHG 1 CALL EXIT
. Begin genaratl statistic
«©
oy G2 RY 3] TYPIE *,' Entear nozzle codo’
ot IIITR] ACEERT 798, TTEX, A HOZIHC 1), 1=1 ITEX)
b NG 751 FORMATCD  BBAT)
V‘E, G TYPE 2, Entar wataer prassure (p3i)’
ol PG ACCERT ® WATI
oA Ml TYPE *,' Tater wind tunnel 3spead (ft/3ac)'
‘», N5 ACCEPRT * W3
A DIMTS TYPE *,' Entar downatream courdinate (inch)’
<t vy ACCERT ® DOWE.
P Nt PRINT A, HOZ0D,(HOZINCT) B2 1, ITEX)
e e PRINT %5 WATP
S DER) PROWT 6 ,WTS
P NORE PRINT 7,DOVL
o NG PRINT 11, ICONT
ny e 4 FORMAT(X, 1201 ,6BA1)
e myry ) FORIAT Y Water prassure =' ,F6.2,' p3tl’)
T Ny H FORMAT! ' Wind tunnel speed = F6.2,' ft/snc')
ey Ny ! FORUATE® Downstreanm location =<' FG.2,' tnch'})
Ve 191y 11 FORNATE ' Rumber of Drops =*,159)
. DNy PRINT 12
e DIIE B 12 FURMATE ' Length diametar (D1 ')
N DUHE] HAHD= LEORT
,:) HE] CALL STATSCHAMO  DBUF ,DTOT)
e vy PRINT 13, SURTCSMDZ/FLOATCICONT ) )
- N 13 FORMATE ' Area maan Jdlamcter (D28)=' ,F15.6)
K IRHN CUHODaSHOI*P 1 /6.
h-e N PRIKT 17,C0MOD
o HIn 17 FORMAT(' Dropa total volume=',F15.6)
D 4 Ny HAMO= TCORT
ey anag CALL STATSEHARG ,VOBUF ,COMOD )
, iy VOLUEN=SHD 3 /ELOATC TCORT)
v it YOLMEDAYULHED** (1. /3.
o My PRUWT 1S, YOLIAED
R R RN 14 FORUATL Y Volawe wean diameter (D3J)=' F15.6)
Y s PREWT 165140375802 .
. na s i FORNATE ' Sauter mean diameter (D32)e’ F15.6)
) RL PRINT 30, 5HD4/5HDI
4 ,":
e
o
S
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FORTRAN IV=-p

RAINST.FTN

BINN]
Ly
it
nin.?
L AYLE]
111y}
GAVIAN
Ny
nin’
ninyg
winY
LAWY
AN
it
Nl
gl
NLLY
AR
7
BARE!
i
niry
N1zl

[) A
DR
ni2y
LY
Nty
e
DAL
AW
AT
RE A
[ I 4
Ny
DAME]
LAY
RSN
N3y
Nim
DERR
N4y
AR
a2

3
3t

ons

onn

43

659
By

vnr-61 10:59:39 23-FCO-04 P 3
/TR :BLOCKS/WR

FORMAT( ' Volune diatribution nean diametaer (D43)=' F15.6)
PRIRT 31

VURHATE " Clrcularity (parinater**2/araa®4pi)’)

HAMG= [CONRT

CALL STATS(MANO  LSFERLESTQT )

e =, Plot the distributions (Y/H)°

ACCEPT 3913 ,AHSA

FORMATOAL)

IF ZCAHSALNE. 'Y ) GO TU 84

Qe LY=Y

SAHP=CLOATC ICONT Y/ 1003,

SHD =537 1Y,

D BT Kag, 2

YOLIESOI0) =Y IS ) /5MD 3

FRENDISOK)I mEREHTSOIO) /7 5AMP

COHT LHYE

TIPE * ' Fragueancy distribution (Y/H)'

ACCEPT BN ANSA

[F (ANSA.HE.'Y') G0 T 6

CALL RAITNHICFRENTIS 0PI PLOD F.,. 1)

IF (OPEPLU.EQ Y QU TQ 6HY

DPCPLO=-0OPEPLO

CALL SYMBOL(-4.3,1.15,.1, '0DROPS DIAMETER FREQUCNCY DISTRIBUTION'.,
i ‘My. . 37)

CALL SYMBOLE-1.3%,.~.7%,.1, 'FREQUENCY (X)',1080.,.13)

GO [0 4849

TP *, " Cunulativa volume distribution (Y/H)'

ACCEPT 398 AHSA

IF JANSA HE "Y' ) GO TO K55

CALL RAITHMIIVOLHIS ,0PEPLO 8. ,. 1)

[ COPEPLD.GL. ) GO TO nLA

CALL SYMBOLS-4.3,1.4%,.1, 'VOLUME CONTRIBUTINN VS DIAMETCR,.94.,.31)
CALL SYHMROLE=-.0%,-.7%, .1, " VOLUKE CORTRIBUTION (X)), 1010,.,23)
CALL SYIBOLE. 7,235, 1, " DIAMETER (HMH) ', 975, .13)

CALL SYMBOLL=5 .5 )., .1 ,HUZ21D,99 ., 1TEX+12)

CALL STHBOLL-%.25 0., .1, 'WATER PRESSURE (P31)',99..20)

CALL HOHBERE =% .25, 2.2, L WATP 9. -1

CALL SYIMNODLC= 7,09, .. 1, 'WERD TURKHEL SPEED {FT/SEC)’ ,99,,206)
CALL NHUNBURO=-% 5,2.8%, . 1L WIS, 99, . -i)

CALL SYMBN -4, .0, ., .1, 'DOWHSTREAM STATIONW ¢ INCH) ', 9..,.2%)
CALL HUMBER =475 ,.2.75,.1.,00WL 99, ,~1)

17 GOPEPLD . ST ) U TQ 89

IF {UPEPLO.NL.Y) CALL PLOT(A..7.,999)

CALL EXITS
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